The genetic population structure of the Cranberry Fritillary Boloria aquilonaris was studied using both RAPDs (random amplified polymorphic DNA) and allozymes. In Belgium, B. aquilonaris has a naturally fragmented distribution that has been accentuated due to human activity during the last century. The genetic population structure of this butterfly was analysed at the regional (several Ardenne uplands) and at the landscape level (several populations within an Ardenne upland). Both population genetic markers confirmed results from a previous CMR study at the landscape scale. At the regional scale however, important incongruences were
Introduction
Loss of natural habitat due to human activities is widely recognised as the most important factor causing species decline world-wide (eg, Sih et al, 2000) . At the landscape scale, natural habitats are more and more fragmented. During the fragmentation process, distance between populations increases, progressively hampering the arrival of immigrants from surrounding populations until complete isolation is reached. Extinctions of small, isolated local populations living in such fragmented landscapes occur frequently because of stochastic demographic processes or disturbances (Fahrig and Merriam, 1994) . Conservation of threatened species living in fragmented landscapes therefore requires the establishment of networks of suitable habitat patches. Migration of individuals between patches within such networks is a key factor in species persistence, increasing the size of local populations (rescue effect: Brown and Kodric-Brown, 1977) , allowing the re-colonization of empty patches after local extinctions, or insuring the maintenance of genetic diversity between local populations. However, migration events are generally uncommon and therefore difficult to quantify by direct observations in the field. The studies of genetic distances between populations helps detect effective network structure via evidence of gene flow or isolation (ie, by revealing the presence or absence of observed between RAPDs and allozymes. The average gene diversity for the RAPD data was twice that of the allozyme data. The degree of population subdivision was also much greater for RAPDs than for allozymes. The UPGMA clusters produced by each of these markers differed significantly. We believe that, given the higher rate of mutation of RAPDs and the greater number of loci assayed by this method, RAPDs reveal a more accurate and recent population genetic structure than allozymes. Heredity (2002) 89, 439-445. doi:10.1038/sj.hdy.6800161 immigrants). In this study, we use this approach to investigate the distribution of a butterfly species, the Cranberry Fritillary Boloria aquilonaris.
Butterflies have turned out to be excellent model organisms for the studies of small populations: in European fragmented landscapes, many species are located in small, discrete patches of suitable habitat connected by individual movements across the landscape matrix (Petit et al, 2001 and references therein). We focus here on a butterfly with a fragmented distribution at two hierarchical levels. Western European B. aquilonaris populations are located in wet acid peat bogs where their principal larval host plant, Vaccinium oxycoccos, is abundant. Because of the high water requirements of bogs, large areas of suitable habitats are restricted to uplands where climatic conditions are cold and wet. Besides this first level of fragmentation at the regional scale, it is worth noting that, because of the particular edaphic conditions required for the installation of bogs, their distribution on each upland is naturally fragmented. At this landscape level, fragmentation has been accentuated by human activity in Belgium. Over the past century, drainage and afforestation of peat bogs by Norway Spruce Picea abies has not only resulted in the substantial decline of the species (104 recorded populations before 1970, only 25 in 1999), but has also increased the isolation of the remnant populations.
In 1995-1996, we carried out a capture-release-recapture (CMR) study in four sites on one of the four uplands where populations of this butterfly are still present in Belgium. We demonstrated that, at a landscape scale, B. aquilonaris populations form a single metapopulation Heredity (Mousson et al, 1999) . But such CMR studies are very time consuming and limited to small geographic scales. For this reason, we investigate here the population structure of this butterfly at the regional scale, ie, the four Ardennes uplands, using genetic markers. In this paper, we assess gene diversity, genetic structuring, population differentiation and the association between geographical and genetic distance using both allozymes and random amplified polymorphic DNA (RAPD) markers (Williams et al, 1990) . Factors responsible for the incongruence between allozymes and RAPD data are also discussed.
Materials and methods

Genetic analyses
Allozyme and DNA samples were collected from 110 individuals from eight populations in the Belgian Ardennes in 1996 (Figure 1 ). Samples were collected at two different scales. At the landscape scale, four populations were sampled on the Plateau des Tailles (separated by 2-8 km). At the regional scale, populations were sampled on different Ardenne uplands; ie, Plateau des Tailles, Pla- Allozymes: Allozyme analysis was carried out as in Vandewoestijne et al (1999) . Only four out of 17 enzymes systems proved to be polymorphic. The four loci studied were: (i) glucose-phosphate isomerase (GPI, EC 5.3.1.9.); (ii) 6-phosphogluconate dehydrogenase (6PGD, EC1 1.1.44); (iii) adenlyte kinase (AK, EC 2.7.4.3); and (iv) malate dehydrogenase (MDH, EC 1.1.1.37).
RAPD: Genomic DNA was extracted by phenol-chloroform-isoamyl alcohol. Three to four legs of each individual were homogenised in 300 L of extraction buffer (50mM Tris HCl pH 8.0, 25 mM NaCl, 25 mM EDTA pH 8.0, 0.1% SDS) and one unit of proteinase K. After at least 3 h of incubation at 60°C, 300 L of phenol/ chloroform/isoamyl alcohol were added and mixed vigorously. Samples were then spun at 2178 g for 5 min. Once the supernatant decanted, 20 L of 5 mM NaCl and 700 L of ice cold 100% ethanol were added. Samples were mixed gently by inverting the tubes several times and placed in a freezer for at least 20 min. After a 5-min spin at 2178 g, ethanol was poured off and 200 L of room temperature 70% ethanol was added. Samples were spun again for 5 min and once the ethanol poured off, dried and resuspended in 50 L 1*TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA disodium salt.).
The RAPD technique is sensitive to (a) shape of the temperature profile, (b) type of polymerase, and (c) Mg 2+ , Taq and DNA concentration (Hoelzel and Green 1998) . Extracted DNA of all samples was quantified using a fluorometer (TKO100 Dedicated Mini Fluorometer, Hoefer Scientific Instruments), and diluted to obtain identical DNA concentrations. Reactions were standardized and all PCR reactions were run on the same thermal cycler (Perkin-Elmer 9600). For every 25 L reaction, 20 ng of DNA, 0.4 M of primer, 3 mM of MgCl 2 , 200 M of dNTP and 0.5 U of AmpliTaq polymerase (Perkin-Elmer) were included. The following parameters were used for the amplifications: 4 min denaturation at 94°C, followed by 35 cycles of 1 min at 94°C, annealing at 36°C for 1 min, and elongation at 72°C for 2 min. An additional 5 min period for elongation at 72°C followed this cycle. Negative controls were used to verify for contamination. PCR products were separated on 1.6% agarose gels that were run for 225 min at 100V in 0.5 M TBE buffer. Several DNA size standards were run on every gel to aid in identifying the target bands. Ethidium bromide staining was used to visualize band patterns that were recorded on disc using GelDoc (BIO-RAD).
Four RAPD primers (OPB08, 5′AGGGAACGAG 3′; OPB17, 5′GTCCACACGT 3′; A10, 5′GTGATCGCAG 3′ and A02, 5′TGCCGAGCTG 3′ ) out of 60 screened were selected based on the polymorphism and reproducibility of the bands they generated. Amplifying the same samples on different days tested reproducibility.
Statistical analyses
Allozyme markers: Compliance to Hardy-Weinberg equilibrium and linkage equilibrium were tested using genepop (Raymond and Rousset, 1995) . Gene diversity and genetic structuring (G ST ) were calculated with the assistance of gen-survey (Vekemans and Lefèbvre, 1997).
Using TFPGA 1.3 (Miller, 1997) , an exact test of population differentiation was carried out with a Markov Chain Monte Carlo approach for an approximation of the exact probability of the observed differences in allele frequencies. Additionally, Fisher's combined probability test (Fisher, 1954; Sokal and Rohlf, 1995) was employed as a global test over loci to determine the overall significance. A Mantel test was used to assess the association between Nei's unbiased (1978) genetic distance matrix and the geographical distance matrix using gen-survey. We produced an UPGMA (ie, unweighted pair-group method using an arithmetic average) tree, based on Nei's unbiased (1978) genetic distance corrected for small sample size, to further examine the relationship between geographic and genetic distances (TFPGA 1.3).
RAPD markers: Allele frequencies were calculated from null homozygote frequencies assuming panmixia and corrected for dominance according to Lynch and Milligan (1994) using TFPGA 1.3. Using these allele frequencies, gene diversity, expected heterozygosity (calculated from the null allele frequency and based on Hardy-Weinberg equilibrium), genetic structuring (F ST ) and a Mantel test were calculated using the same program. We also used genotype data directly to obtain the average gene diversity over all loci (the mean number of differences between all pairs of genotypes divided by the number of loci) and derive F ST from the variance components (AMOVA) using arlequin (Schneider et al, 2000) . Pairwise comparisons between populations were carried out with the same program as for the allozyme data. The correlation between Nei's unbiased (1978) genetic distance and the geographic distance separating populations was assessed with a Mantel test using TFPGA 1.3. An UPGMA cluster analysis was performed using unbiased allele frequencies with TFPGA 1.3.
Results
Genetic analyses
Allozymes: All sampled populations, with the exception of Logbiermé, were in Hardy-Weinberg equilibrium. No linkage disequilibrium was detected for each locus pair across all populations.
On average, 50% (±13%) of all loci were polymorphic using the 95% criterion. The mean number of alleles per polymorphic locus was 2.31 ± 0.46. The mean expected heterozygosity, or gene diversity, was 0.188 ± 0.029.
The average proportion of the genetic variation found between populations was 10.49% (G ST = 0.105; 95% CI = 0.023, 0.210). Significant genetic differentiation was observed for 16 out of the 28 pairs of populations, both within and between different uplands (Table 1) .
Genetic distance was positively but not significantly associated with geographic distance (r = 0.414, P = 0.092). The UPGMA dendrogram (Figure 2 ) grouped the Plateau des Tailles, the Plateau de Recogne and the Plateau St Hubert together. External to this cluster was the population of Eichenbusch, sampled on the Plateau des Hautes Fagnes.
RAPD: Primers OPB08, OPB17, A10, A02 produced 10, 4, 7, and 7 reproducible bands respectively. Out of these, Heredity 18 were polymorphic. For pooled data, all of these loci exhibited overall frequencies of band presence of less than 1 − 3/N (where N is the number of individuals sampled), reducing potential bias in the allele frequency estimates stemming from low counts of band absence phenotype (Lynch and Milligan, 1994) . The results of analyses based on biased and unbiased allele frequencies (Lynch and Milligan, 1994) were very similar, therefore, we only report results based on the latter.
Every sample was characterised by a different RAPD genotype. The average gene diversity over all RAPD loci was 0.402 ± 0.214, indicating that about 40% of the loci differ between all pairs of RAPD genotypes. The expected heterozygosity was 0.405, more than twice that observed for the allozyme data.
F ST values of 0.163 and 0.179, based on unbiased allele frequency data and on genotype data respectively, were very similar. The degree of population subdivision indicated by these values, is much greater than that based on the allozyme data. Pairwise comparisons revealed significant genetic differentiation for 15 out of 28 pairs (Table 1 ). These differences were observed for both populations pairs within and between uplands but not for the same pairs of populations as those based on allozyme data.
The Mantel test showed that the matrices representing genetic and geographic distances are significantly correlated (r = 0.666, P Ͻ 0.01). The UPGMA clustering grouped together the Tailles and Hautes Fagnes uplands (Figure 2 ). Populations sampled on the Plateau de St Hubert and Plateau de Recogne were the most differentiated. The uplands clustered identically, even when populations with small sample sizes were eliminated from the analyses or when different distance measures (Nei, 1972; 1978; Reynolds et al, 1983) were used. The RAPD based cluster differs significantly from the UPGMA cluster based on allozymes.
Discussion
Using the same samples, important differences were observed in the population structure of B. aquilonaris between the allozyme and the RAPD data. With the RAPD markers, populations of B. aquilonaris were characterized by greater genetic diversity than with allozymes. This is consistent with the majority of previous studies comparing these two population genetic markers (Table  2) , though there are exceptions to this trend (Liu and Furnier, 1993, LeCorre et al, 1997; Ross et al, 1999) . Mostly, this difference is explained by the inherently higher rate of detectable mutations and weaker degree of selective constraint at RAPD compared to allozyme loci since RAPDs can detect variation in both coding and noncoding regions (Szmidt et al, 1996; Aagaard et al, 1998; Waycott, 1998; Sun et al, 1999; Wu et al, 1999; Oiki et al, 2001) .
The sampled populations were more subdivided when taking RAPD data (F ST = 0.163) into consideration rather than allozyme data (G ST = 0.105). Isolation by distance is a more important and significant factor in explaining the genetic differentiation between populations for the RAPD data than it is for the allozyme data (r = 0.666 vs r = 0.414). The greater amount of subdivision and a higher coefficient of correlation between the geographic and genetic distances observed for RAPDs compared to allozymes might be explained by the higher mutation rate of RAPDs. Mutation rates for RAPDs have been shown to lie somewhere in between allozymes (10 −6 to 10 −9 per locus per generation) and microsatellites (10 −3 to 10 −4 per locus per generation, Lougheed et al, 2000) . A higher mutation rate, generating greater genetic diversity, might make RAPDs more sensitive than allozymes to diminished gene flow and greater genetic drift. Both of these processes have gained importance due to fragmentation and loss of favourable habitat of B. aquilonaris during the last century. Studies by Mamuris et al (1999) and Wu et al (1999) , comparing allozyme and RAPD markers have also noted a higher degree of population differentiation and a more pronounced effect of isolation by distance although many other studies do not follow this trend ( Table 2 ). The ability of the RAPD method to screen a larger part of the genome (Mamuris et al, 1999) , differences in selection regimes (Oiki et al, 2001) and that allozymes often fail to detect many kinds of nucleotide differences (Wu et al, 1999) are given as possible explanations that could account for the differences observed between these two markers.
UPGMA clustering produced completely different results depending on the molecular marker used. The RAPD-based UPGMA tree seems to reflect more truly the present spatial configuration of favourable habitat patches for this species than does the allozyme based UPGMA tree. In fact, several small favourable habitat patches still exist in valleys between the Plateau des Tailles and the Plateau des Hautes Fagnes, permitting 'stepping stone' movements between these two uplands. For about a century, habitat patches are no longer available between the Plateau des Tailles and the Plateau de Recogne and the Plateau de St Hubert, isolating the latter two uplands from the Plateau des Tailles. This distribution of favourable habitat could explain the cluster including the Plateau des Tailles and the Plateau des Hautes Fagnes, from which the Plateau de Recogne and the Plateau de St Hubert are isolated (Figure 2 ). On the other hand, the allozyme based UPGMA tree may reflect a historical situation. At the end of the 19th century, a large number of potential habitat patches for B. aquilonaris were available between the Plateau des Tailles and the uplands of Recogne and St Hubert. The availability of potential habitat between the Plateau des Tailles and the Plateau des Hautes Fagnes, on the contrary, has not changed substantially since the end of the 19th century. This could explain the grouping of the Plateau des Tailles, the Plateau de Recogne and the Plateau de St Hubert, while the population sampled at the Plateau des Hautes Fagnes is isolated from this cluster (Figure 2) . Under the reasonable assumption that RAPDs evolve faster than allozymes, we propose that our allozyme data reflects the population structure of B. aquilonaris that was present more than a century ago, while the RAPD data depicts a more recent population structure of this butterfly. Nève et al (2000) also found that their neighbour-joining dendrogram (based on allozyme data) did not fit the Table 2 Summary of studies comparing allozymes with RAPDs. For each study, the amount of genetic diversity, the relative amount of divergence and the population structure revealed by both of these population genetic markers are compared
Study
Genetic diversity F st or equivalent Population structure (cluster, …) Aagard et al, 1998 Allozymes Ͻ RAPDs Allozymes Х RAPDs Apostol et al, 1996 Allozymes Ͻ RAPDs Ayres and Ryan 1999 Allozymes Ն RAPDs a Regional scale concordance Bartish et al, 2000 Allozymes Ͻ RAPDs Allozymes Ͼ RAPDs Allozymes Х RAPDs Baruffi et al, 1994 Allozymes Wolf et al, 1998 Allozymes Ͻ RAPDs General congruence Haig et al, 1994 Allozymes Х RAPDs Allozymes RAPDs but neither resulted in overall assortment of clusters geographically Isabel et al, 1995 b Allozymes Х RAPDs Allozymes Х RAPDs Jenczewski et al, 1999 Allozymes Ͼ RAPDs Similar Agreement between the global patterns of populations structure Le Corre et al, 1997 Allozymes Ͼ RAPDs Allozymes Х RAPDs Allozymes RAPDs Liu and Furnier 1993 Allozymes Յ RAPDs* Mamuris et al, 1999 Allozymes Ͻ RAPDs Allozymes Ͻ RAPDs Isolation by distance observed in RAPDs, not in allozymes Oiki et al, 2001 Allozymes Ͻ RAPDs General congruence Peakall et al, 1995 Allozymes Ͻ RAPDs Large-scale concordance Puterka et al, 1993 Allozymes Ͻ RAPDs Allozymes Х RAPDs Allozymes Х RAPDs Ross et al, 1999 Similar Similar General congruence Sun et al, 1999 Allozymes Ͻ RAPDs Clustering pattern of isozymes has poorer discrimination power than for RAPDs Szmidt et al, 1996 b Allozymes Ͻ RAPDs Allozymes Х RAPDs Waycott, 1998 Allozymes Ͻ RAPDs Wu et al, 1999 Allozymes Ͻ RAPDs Allozymes Ͻ RAPDs Allozymes Х RAPDs a Depending on the species studied. Haploid tissue was analyzed in this study.
population structure observed in the field (based on MRR data). The authors concluded that since the connectivity of the network of suitable habitats had only significantly weakened since the 1950s, subregional differentiation revealed by allozymes had not yet occurred.
Other studies comparing allozyme and RAPD markers (Table 2 ) obtained varying results. LeCorre et al (1997) , Mamuris et al (1999) , Sun et al (1999) and Cole and Kuchenreuther (2001) found that clusters obtained with these markers differed. The larger number of loci resolved by RAPDs compared to allozymes, the selective neutrality of RAPDs and their ability to screen a larger part of the genome were cited as possible factors for the incongruences observed. Ayres and Ryan (1999) and Sun et al (1999) found that the dendrograms generated by combining the different markers reflected the geographical defined populations better than dendrograms based on only one type of marker. Many other studies demonstrated congruence between allozyme and RAPD based clusters (see Table 2 ).
Differences in gene diversity, population differentiation and population clusters obtained for allozymes and RAPDs have been explained by the following factors: (a) the dominance of RAPDs results in incomplete genotypic information enhancing the sampling variance and inducing bias in parameter estimation (Lynch and Milligan, 1994) , (b) different part of the genome are sampled by the different markers, (c) the markers are subject to different selection regimes, (d) the inability of allozymes to detect many kinds of genetic variation because only nucleotide changes that lead to electrophoretically detectable changes are observed, and (e) rates of mutation are higher at RAPD loci than at allozyme loci.
Heredity
In our study, care was taken to obtain the least biased population structure estimators for the RAPD data by including only those markers that were reproducible and clearly polymorphic, by using an asymptotically unbiased estimator to obtain gene and genotype frequencies and by restricting analyses to markers that were not too common (Lynch and Milligan, 1994) . Furthermore, F ST values calculated directly from RAPD phenotypes and indirectly from RAPD allele frequencies were almost identical.
Since allozymes are different allelic forms of nuclearencoded enzymes while RAPDs are random amplified fragments of both coding and non-coding region of the genome, these markers could be subject to different selection regimes and different part of the genome are sampled by each marker. Although, in this study populations were in Hardy-Weinberg equilibrium, selection, except at a very strong intensity, cannot be ruled out as a factor responsible for the incongruencies observed between allozyme and RAPD data.
We believe that, in this study, the inability of allozymes to reveal all genetic variation and the ability of RAPDs to generate a greater number of loci are partially responsible for the important differences observed between these two markers. Both of these factors will result in a higher genetic diversity for RAPDs than for allozymes. Genetic drift, a process that has been accentuated in the last century for populations of B. aquilonaris in Belgium, will be more easily detected in the more variable marker, ie RAPDs. This could then explain the greater degree of genetic differentiation and isolation by distance observed between populations with the RAPD method. We also believe that, given the higher rate of mutation in RAPDs, this marker represents a more recent and accurate 'picture' of the population structure than allozymes.
Conclusions
The genetic population structure of B. aquilonaris was studied at two different scales using both RAPDs and allozymes. At the landscape level, both markers confirm the previous CMR study, ie populations within an upland form a metapopulation. In constrast, at the regional scale, these markers produced very different population structures. We do not believe that the incongruence between RAPDs and allozymes can be explained by factors such as the dominant nature of RAPDs, different selection regimes acting on the different population genetic marker, or the sampling of different parts of the genome with different markers due to the general congruence found in the majority of studies comparing allozymes and RAPDs. We rather think that, in this study, allozymes and RAPDs represent the population genetic structure of this butterfly at different time scales. The inherently higher mutation rate and the greater amount of genetic diversity displayed by RAPDs make this a marker that reveals a more 'recent' population genetic structure than do allozymes. The greater and more significant correlation between genetic and geographic distances obtained with RAPDs compared to allozymes confirms this hypothesis, knowing that the already naturally fragmented populations of B. aquilonaris have been subject to increased isolation during the last century. Another observation that may confirm this hypothesis is the genetic population structure represented in the clusters based on Nei's genetic distance. The RAPDs based clusters correspond to the availability of favourable habitat observed now, while the allozymebased clusters correspond to habitat availability at the end of the 19th century.
